Pre-meal drink ingestion is an effective method of controlling energy intake in humans. However, no studies have addressed the influence of differences in the volume of drink intake on gastric motility and energy intake. The purpose of the present study was to examine the effects of differences in the volume of drink intake before a meal on subsequent gastric motility and energy intake in healthy young men. Twelve men completed two, oneday trials in a random order. Subjects visited the laboratory after a 10-h overnight fast and consumed the nutrient drink (0.84 MJ) in either 100 mL or 600 mL quantities over a 5-min period. Then, the subjects sat on a chair for over 2 h to measure their cross-sectional gastric antral areas and gastric contractions with an ultrasound imaging system. Thereafter, the subjects consumed a test meal until they felt completely full. Energy intake was calculated from the amount of food consumed. Energy intake in the 600 mL trial was 12% higher than the 100 mL trial (5.1 ± 1.3 vs. 4.6 ± 1.4 MJ, P = 0.046). The antral area (P = 0.046) and the frequency of the gastric contraction (P = 0.001) over 2 h after consuming the nutrient drink were higher in the 600 mL trial than the 100 mL trial. These findings demonstrated that consumption of a 600 mL nutrient drink increased energy intake. The modulation of gastric motility might have some effects on energy intake.
Introduction
Energy balance plays an important role in weight control for not just overweight/obese individuals but also healthy individuals. Strategies to prevent a positive energy balance and subsequent weight gain in healthy individuals can be important for weight management. To prevent a positive energy balance, adjusting energy intake is important strategies along with an increase in physical activity. Findings from both laboratory based and epidemiological studies examined the acute and chronic effects of fluid intake on energy intake indicated that energy-containing fluid intake acutely increase energy intake but its longterm effect on weight management is not known [1] .
Previous studies employed young normal weight men or women as the subjects showed that the increased viscosity [2] and the increased volume of fluid [3] lead to increased subjective fullness or/and decreased subjective hunger. Furthermore, Strum et al. and Little et al. examined the effects of fluid intake before the meal on the gastric crosssectional antral area, appetite-regulating hormones and subsequent energy intake [4, 5] . Sturm et al. reported that consumption of a 400 mL mixed-nutrient drink with higher energy content (i.e., 750 kcal = 3.14 MJ vs. 250 kcal = 1.05 MJ vs. 0 MJ) increased antral area and reduced subsequent energy intake, and the magnitude of increase in antral area and cholecystokinin were greater in the healthy older healthy subjects than in the healthy young healthy subjects [4] . Little et al. reported that when the time interval between the consumption of a 500 mL mixed-nutrient drink (750 kcal = 3.14 MJ) and ad libitum meal increased (i.e., 180 min vs. 90 min vs. 30 min), antral area, plasma cholecystokinin and peptide YY were decreased while plasma ghrelin and subsequent energy intake were increased in healthy young and middle-aged subjects [5] . Another factor which influences energy intake after pre-fluid consumption has been also examined by Strum et al. and Little et al. as mentioned above. These studies reported that subsequent energy intake is predominantly related to the magnitude of gastric distension (i.e., gastric volume) after fluid intake [4, 5] . Indeed, the magnitude of change in gastric volume is associated with the volume of fluid ingested [6] . Several studies have suggested that the magnitude of gastric distension is one of the key factors in regulation of energy intake [7, 8] .
Although the previous study reported that gastric volume before the meal affected subsequent energy intake [5] , no studies have examined whether the different volumes of fluid with the same energy content could affect subsequent energy intake. The mechanisms that fluid volumes affect the appetite might be related to the changes in gastric emptying rate. The rate of gastric emptying (measured via the crosssectional antral area as a reflection of gastric distension) is influenced by the fluid volume [9] , and affects the subjective feeling of appetite [10] . Furthermore, a previous study has reported that the high volume of fluid containing glucose-based energy induced the rapid gastric emptying compared with the low volume of isonergetic fluid [6] . Therefore, even if the same energy content, large-volume of nutrient fluid diluted with water may increase energy intake via the rapid gastric emptying. However, no studies have assessed the potential mechanisms that underlie the effect of energy intake in response to different volumes of pre-meal nutrient drink ingestion.
Therefore, the purpose of the present study was to investigate the effects of drink volume (100 mL or 600 mL) on gastric motility and energy intake in healthy young men. We hypothesised that the 600 mL nutrient drink intake would lead to a greater increase in the subjective feeling of hunger and energy intake compared with the 100 mL isonergetic nutrient drink intake.
Materials and methods

Subjects
The Ethics Committee on Human Research of Waseda University approved this study (approval number: 2016-103). This study was conducted in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). A total of 12 healthy men gave written informed consent to participate in this study. The physical characteristics of the subjects were: age: 23.1 ± 1.9 years; height: 1.73 ± 0.07 m; body mass: 68.1 ± 7.6 kg; body mass index: 22.7 ± 1.2 kg/m 2 ; waist circumference: 77.8 ± 4.3 cm; and estimated energy requirement: 11.3 ± 0.7 MJ/day. The exclusion criteria were as follows: smokers, major illness, digestive symptom, medications that affect gastric motility and appetite, food allergies to the food in the test meal, restrained eaters, or body masses were not stable for at least 3 months before the study.
Experimental protocol
The subjects underwent two, one-day laboratory-based trials in random order: 1) 100 mL of mixed-nutrient drink and 2) 600 mL of mixed-nutrient drink. The interval between trials was at least 6 days. Fig. 1 shows a schematic illustration of the study protocol. All subjects were asked to maintain their normal eating habits between trials, and to refrain from vigorous exercise and alcohol intake for 24 h before each trial. In the 24 h before the first trial, subjects weighed and recorded all dietary intakes, and subsequently replicated these dietary intakes in the 24 h preceding the second trial. Food diaries were analysed by a software programme (Excel Eiyou-kun, ver 5.0, Kenpakusha, Japan) to determine energy intake and macronutrient content. On each trial day, subjects reported to the laboratory at 08:45 after a 10-h overnight fast. The subjects could drink only one, 200 mL glass of water no later than 2 h prior to each trial. After a 5-min rest period, a fasting venous blood sample was collected by venepuncture with subjects placed in a seated position for analyses of plasma glucose, serum triglyceride (TG), and serum non-esterified fatty acid (NEFA) concentrations. The subjects were asked to sit on a comfortable chair in a fixed position with an angle between the upper and lower part of the body of approximately 120°. Once seated, subjects were requested to consume a mixed nutrient drink of either 100 mL (13.6% protein, 29.7% fat, and 56.7% carbohydrates; 0.84 MJ; 600 mOsm/L; 4°C) or 600 mL (13.6% protein, 29.7% fat, and 56.7% carbohydrates; 0.84 MJ; 84 mOsm/L; 4°C) over a 5-min period that began at 08:55. The 600 mL nutrient drink was a 100 mL nutrient drink diluted with 500 mL of water. Osmotic pressure was measured by an automatic osmometer (OSMO STATION OM-6060, ARKRAY, Inc., Japan). We chose the 600 mL nutrient drink because this volume has been shown to reduce subsequent energy intake in a previous study [11] . Subjects remained seated on the chair in the same fixed position in the laboratory until 11:00. A two-dimensional ultrasound scan was performed during this time to assess the changes in the cross-sectional gastric antral area and gastric contractions at 08:55, 09:30, 10:00, 10:30 and 11:00. Then, subjects were asked to consume the test meal beginning at 11:00 and instructed to eat as much as they feel satisfied until 12:00. The interval of 2 h between ingestion of the drink and subsequent meal was chosen since we thought that this interval might be suitable to assess gastric motility using ultrasound imaging as this was the case in a previous study [5] . Further blood samples were collected at 09:30, 10:00, 11:00, and 12:00 by venepuncture. Subjects also completed a 100-mm visual analogue scale questionnaire [12] that assessed the subjective perceptions of hunger and fullness at 08:55, 09:30, 10:00, 10:30, 11:00, and 12:00.
For both trials, subjects visited the laboratory at 08:45 after a 10-h overnight fast and consumed the nutrient drink (i.e., 0.84 MJ) in either 100 mL or 600 mL at 08:55. Subjects were instructed to finish each nutrient drink at 09:00 and were then seated for 2 h. From 11:00, subjects consumed the test meal until they felt completely full, and energy intake was calculated.
Subjective appetite and energy intake
The acceptability of the test meal was ensured by a prior written survey and we selected tomato sauce pasta as the test meal (12.5% protein, 16.0% fat, and 71.5% carbohydrates). First, subjects were provided with a bowl of tomato sauce pasta (720 g boiled pasta and 465 g tomato sauce) at 11:05. After the first bowl had been consumed, 100 g of additional pasta was supplied by an experimenter. Warm food was continuously available until the subjects finished eating the test meal. Subjects were instructed to eat until they felt "comfortably full and satisfied" and additional food was available if desired [13] . The adlibitum meal was served in a feeding booth in the laboratory to remove the distraction from the outside. During the trials, the subjects and experimenters were instructed to refrain from talking about the food. Drinking water was prohibited while the subjects were consuming the test meal. The upper limit of meal intake time was 1 h, and mean time to consume the test meal in the 100 mL and 600 mL trials was 15.4 ± 6.6 min and 15.5 ± 4.3 min, respectively. The total amount of food intake (g) was ascertained by examining the weighted difference in the test meal that remained compared to the initially presented test meal. Subjects completed 100-mm visual analogue scales [12] at 08:55, 09:30, 10:00, 10:30, 11:00, and 12:00 to assess the perceptions of appetite (i.e., hunger and fullness). Verbal anchors "not at all" and "extremely" were placed at 0 and 100-mm on the visual analogue scales, respectively.
Assessment of gastric motility
Several previous studies have suggested that the antrum is the most suitable area to evaluate the stomach's capacity as reviewed by Van de Putte [14] . Antral area measurements were performed using a two-dimensional ultrasound machine (LOGIQ e, GE Healthcare, USA) with a 5.0 MHz sector transducer. All metals were removed from the surrounding area to avoid the possibility of interference during image acquisition. To optimise precision, the transducer was positioned vertically to obtain a parasagittal image of the antrum, with the superior mesenteric vein and the abdominal aorta in a longitudinal section, as described previously [14] . We obtained these signals to measure the antral area for 3 min [15] at 08:55, 09:30, 10:00, 10:30 and 11:00. The gastric antral area (cm 2 ) was determined using an image-editing software (ImageJ 1.47, National Institute of Mental Health, USA). The gastric contractions of the antral area were defined as a number of contractions over 3 min and measured at 08:55, 09:30, 10:00, 10:30 and 11:00 [16] . All gastric measurements (i.e., antral area and gastric contractions) were measured by the same technician to minimise measurement errors.
Biochemical analysis
For serum TG and NEFA, venous blood samples were collected into tubes containing clotting activators for isolation of serum. The collected samples were allowed to clot for 30 min at room temperature (23.3 ± 0.9°C) and then centrifuged at 1861 × g for 10 min at 4°C. Serum was removed, divided into aliquots, and stored at −80°C for later analysis. For plasma glucose measurements, venous blood sample was collected into sodium fluoride-EDTA tubes. The tubes were immediately centrifuged and treated as above. Enzymatic, colorimetric assays were used to measure serum TG (Pureauto S TG-N, Sekisui Medical Co., Ltd., Japan), serum NEFA (NEFAHR, Wako Pure Chemical Industries, Ltd., Japan), and plasma glucose (GLU-HK(M), Shino-Test Corporation, Japan).
Statistical analysis
The sample size was estimated using G*Power 3.1 [17] , using the data from a previous study that investigated the effects of pre-meal fluid intake on energy intake [18] . To detect changing of energy intake with a power of 80% and an alpha level of 5%, a sample size of ≥ 9 subjects was required. Participant's estimated energy requirements per day was calculated as follows: 662 [19] . Data were analysed using the Predictive Analytics Software (PASW) for Windows (IBM SPSS Statistics 23.0, SPSS Japan, Inc., Japan). The Shapiro-Wilk test was used to check for normality of distribution and we found that all parameters were normally distributed. The paired ttest was used to assess differences between trials in energy intake, the time to complete the test meal and mean gastric antral area during 2 h. Repeated measures, two-factor analysis of variance (ANOVA) was used to examine differences over time between the trials in the cross-sectional gastric antral area, frequency of gastric contractions, and subjective appetite perceptions of hunger and fullness. Where significant trial -time interaction and trial effects were found, we used a Bonferroni multiple comparison test to analyse these values. The 95% confidence intervals (95% CI) for the mean absolute pairwise differences between the trials were calculated using the t-distribution and degrees of freedom (n − 1). Absolute standardised effect sizes (ES) are provided to supplement the findings. Data were expressed as means ± standard deviations (SD). Statistical significance was set at P < 0.05.
Results
Dietary data
The mean energy intake for the day prior to each trial was 7.0 ± 1.8 MJ. Subjects weighed and recorded all dietary intakes in the 24 h before the first trial, and subsequently replicated these dietary intakes in the 24 h preceding the second trial. Analysis of food diaries revealed that energy intake was the same in the 24 h preceding the trial of the 100 mL and 600 mL trials. The energy intake equated to 25 ± 7% (46.2 ± 16.9 g/day) from fat, 61 ± 7% (247.4 ± 80.2 g/ day) from carbohydrates, and 14 ± 4% (60.3 ± 23.2 g/day) from protein.
Pre-trial
There was no significant difference in body mass at the pre-trial time (08:55) between the 100 mL (68.0 ± 7.6 kg) and 600 mL (68.1 ± 7.6 kg; P = 0.202) trials. Subjective fullness (21.8 ± 14.5 mm vs. 24.2 ± 22.5 mm, P = 0.601), hunger (53.7 ± 28.5 mm vs. 60.4 ± 23.9 mm, P = 0.529), cross-sectional gastric antral area (4.6 ± 1.3 cm 2 vs. 4.1 ± 1.0 cm 2 , P = 0.301), and frequency of gastric contractions (0.9 ± 0.8 times/3 min vs. 1.2 ± 0.8 times/3 min, P = 0.082) were not different between trials.
Energy intake
Energy intake differed between the 100 mL and 600 mL trials (4.6 ± 1.4 MJ vs. 5.1 ± 1.3 MJ, P = 0.046, Fig. 2 ). Energy intake in the 600 mL trial was 12% higher than the 100 mL trial. The time taken to feel completely full was not different between trials (15.5 ± 4.3 min vs. 15.4 ± 6.6 min, P = 0.922).
Subjective appetite perceptions
Subjective appetite perception of fullness differed significantly between trials (main effect of trial, ES = 0.642, P = 0.001). In each trial, subjective fullness ratings peaked at 30 min after drink ingestion (main effect of time, ES = 0.671, P < 0.001). The rate of increase in fullness was greater in the 600 mL trial than the 100 mL trial at 30 min after drink ingestion (timetrial interaction, ES = 0.700, P < 0.001). There was no significant difference in hunger rating between trials (main effect of trial, ES = 0.186, P = 0.141). Fig. 2 . Energy intake at Ad libitum test meal: 120 min after consuming 100 mL and 600 mL of a mixed nutrient drink. Data are means ± SD. Means were compared using the paired t-test. * Significantly different from the 100 mL drink, P < 0.05.
Gastric antral area and gastric motility
The gastric antral areas differed significantly between trials (main effect of trial, ES = 0.315, P = 0.046). The gastric antral area in the 600 mL trial was greater than in the 100 mL trial (95% CI: 0.0-4.0, P = 0.046; Fig. 3 ). There was no trial-time interaction (trial -time interaction, ES = 0.185, P = 0.057). In each trial, the rates of increase in the antral areas were greater at 30, 60, 90, and 120 min after drink ingestion (main effect of time, ES = 0.624, P < 0.001; Fig. 3 ). The mean gastric antral areas during 3 h were significantly different between trials (95% CI: −4.0 to −0.0, P = 0.046).
The frequency of gastric contractions differed significantly between trials (main effect of trial, ES = 0.663, P = 0.001). There was a greater frequency of gastric contraction in the 600 mL trial than the 100 mL trial (95% CI: 0.9-2.4, P = 0.001; Fig. 4 ). There was a trial-time interaction (trialtime interaction, ES = 0.249, P = 0.048; Fig. 4 ). The frequency of gastric contractions was greater in the 600 mL trial than the 100 mL trial at 30, 60, and 120 min after drink ingestion (30 min; 95% CI: 0.4-4.9, P = 0.025, 60 min; 95% CI: 1.6-3.9, P < 0.001, 120 min; 95% CI: 0.6-2.1, P = 0.002).
Blood glucose, TG, NEFA concentrations
There were no between-trials differences for glucose, TG and NEFA concentrations at baseline. The rate of increase in plasma glucose concentration was greater in the 600 mL trial than the 100 mL trial at 30 min after consuming the drink (trial-time interaction, ES = 0.247, P = 0.044; Fig. 5 ). Plasma glucose, serum TG, and NEFA concentrations did not differ between trials (main effect of trial; glucose: P = 0.451, TG: P = 0.688, NEFA: P = 0.676).
Discussion
The present study is, to our knowledge, the first to investigate the effects of different volumes of nutrient drink on gastric motility and energy intake in healthy young men. The present study demonstrated that a 600 mL of nutrient drink ingested 2 h before the meal increased gastric motility and ad libitum energy intake at lunch by 12% compared with an isoenergetic 100 mL nutrient drink. The present study showed that the subjective feeling of fullness increased only 30 min after ingestion of a 600 mL nutrient drink compared with an isoenergetic 100 mL nutrient drink. These findings are of value in showing that the gastric motility caused by different volumes of nutrient drink might affect subsequent energy intake. Our study provides new knowledge that fluid volume may affect the modulation of the gastric motility and energy intake.
In the present study, we found a reduction in energy intake after subjects ingested a 100 mL nutrient drink compared with an isoenergetic 600 mL nutrient drink. The antral area measured 2 h after consumption of the nutrient drink was higher in the 600 mL trial than the 100 mL trial. Greater antral area before an ad libitum buffet meal was related to a decrease in energy intake when subjects consumed a 500 mL nutrient drink (750 kcal = 3.14 MJ) compared with 500 mL of water [5] . In the present study, the energy intake in the 600 mL trial increased with increased antral area compared with the 100 mL trial. The differences in energy intake observed in the present study might have been mediated via the differences in the rate of gastric emptying. A previous study showed that large volume of drinks up to 600 mL led to a faster gastric emptying rate [20] . Okabe et al. reported that ingestion of a 600 mL drink accelerated the gastric emptying rate compared with a 200 mL drink [6] . It is worth stating that the nutrient drink in the 600 mL trial may have been remained in the stomach at the beginning of the ad libitum meal because the cross-sectional gastric antral area did not return to the fasting values. However, the gastric emptying rate may have been accelerated in the 600 mL trial during the ad libitum meal since pre-existing liquids in the stomach may increase Fig. 3 . Cross-sectional gastric antral area before and after consuming nutrient drink (100 mL and 600 mL). Data are means ± SD. Data were analysed using 2factor ANOVA followed by a Bonferroni multiple-comparisons test. There was a significant main effect of trial (P = 0.046), main effect of time (P < 0.001) and was no timetrial interaction (P = 0.057). Fig. 4 . The frequency of gastric contractions before and after consuming nutrient drink (100 mL and 600 mL). Data are means ± SD. Data were analysed using 2-factor ANOVA followed by a Bonferroni multiple-comparisons test. There was a significant main effect of trial (P = 0.001), main effect of time (P < 0.001), timetrial interaction (P = 0.048). * Significantly different from the 100 mL of drink, P < 0.05. Fig. 5 . Plasma glucose concentrations before and after consuming nutrient drink (100 mL and 600 mL). Data are means ± SD. Data were analysed using 2-factor ANOVA followed by a Bonferroni multiple-comparisons test. There was a significant timetrial interaction (P = 0.044). * Significantly different from the 100 mL of drink, P < 0.05. gastric sievingthe ability to separate liquids and solids within the stomach [2, 21] . In addition, a previous study has demonstrated that high viscosity of ingested content delays gastric emptying compared with low viscosity of ingested content [22] . Since the 600 mL trial was made by 100 mL of nutrient drink with 500 mL of water, the 600 mL nutrient drink may have reduced viscosity and the gastric emptying rate might be accelerated. Taken together, given the higher antral area in the 600 mL trial compared with the 100 mL trial, our findings imply that the gastric emptying rate might be differed between trials after ingestion of the nutrient drink.
The other possibilities for the differences in energy intake observed between the trials in the present study might be explained by changes in gastric motility. First, the increase in gastric contraction might have affected an increase in ad libitum energy intake. Given that gastric motility (gastric contraction) is a key mediator of appetite control [23] , the increase in gastric contractions seen in the 600 mL trials might have increased the stomach capacity for ingested drink or food to enter the stomach. Furthermore, increased gastric contraction may be caused by the changes in the secretion of gastrointestinal hormones. Active ghrelin and motilin are known as appetite-stimulating and gastrointestinal motility hormones [24, 25] . Changes in gastric contraction after drink ingestion may be related to the changes in the secretion of these hormones. Second, glucose concentrations after drink ingestion might affect the findings of the energy intake in the present study. The present study observed that plasma glucose concentrations increased more steeply in the 600 mL trial compared with the 100 mL trial at 30 min after consuming the drink. This change might be due to the rapid intestinal absorption of hypotonic fluid compared with hypertonic fluid [26] . The previous study has reported that a rapid and large increase in blood glucose is associated with an earlier return of selfreported hunger [27] . Although there were no between-trial differences for the subjective feeling of hunger in the present study because of the relatively short time-interval between drink ingestion and meal intake (2 h), increased energy intake observed in the 600 mL trial might be affected by this sharp increase in glucose concentrations in the early postprandial period.
This study has several strengths. First, we examined the effect of gastric motility on energy intake. Gastric motility plays important role in regulation of energy intake [28, 29] . Although we have previously examined the effect of different fluid temperatures on gastric motility and energy intake, and reported that hot water (60°C) increased gastric contractions that resulted in increased energy intake compared with cold water (2°C) [30] , the effect of different fluid volumes on gastric motility and its impact on energy intake has not been examined. Thus, the present findings may strengthen in this area of research by examining a mechanistic understanding of the effect of gastric motility on energy intake. Second, we examined the different volumes of nutrient drink on energy intake. The physical characteristics of the subjects, the time interval between ingestion of drink and the subsequent meal, and temperature of drink were often used to address factors that influence energy intake [4, 5, 30] . However, there are no studies that address the volume of fluid. To our knowledge, the present study is the first study to examine the effects of different volumes of drink with the same energy content on subsequent energy intake.
The present study has several limitations. Although the energy content was controlled to examine two different volumes of drink on gastric motility and energy intake, we did not control osmotic pressure of the drink. The differences in osmotic pressure might have affected gastric motility such as gastric emptying and intestinal absorption of the drink [26, 31] . Hypertonic drinks are emptied from the stomach more slowly and absorbed faster than isotonic drinks [26, 31] . Future studies should examine how different volumes of drink with the same osmotic pressure, such as water, affect gastric motility and energy intake. Furthermore, future studies should examine the effect of different drink volumes on appetite-regulating hormones, including acylated ghrelin and peptide YY, and gastric blood flow as these are known to influence appetite and gastric motility [32, 33] . The present study did not measure the gastric emptying rate after fluid ingestion. The gastric emptying rate is one of the important determinants of energy intake. Future studies are required to measure the gastric emptying rate after fluid ingestion and to see how this relates to subsequent energy intake. Although this study performed as a randomised study, all measurement biases were not excluded since the technician who measured all gastric measurements was not blinded to each trial condition. Another limitation is the generalisability of our study since this study examined the acute effect of the pre-meal drink volume on gastric motility and energy intake in healthy individuals. Further studies should examine the chronic effects of nutrient drink intake on gastric motility and energy intake in various population, including different age groups and health conditions.
Conclusion
In conclusion, this study demonstrated that a 600 mL nutrient drink ingested 2 h before a meal increased gastric contraction and resulted in a 12% increase in ad libitum energy intake compared to an isoenergetic 100 mL nutrient drink in healthy young men. The present findings suggested that fluid volume modulates gastric motility, and this may acutely affect subsequent energy intake.
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